Nondoped potassium niobate (KNbO 3 ) ceramics were synthesized with fine powders obtained by a hydrothermal method. The hydrothermal method employs a chemical reaction in a solution. Low reaction temperature and self-assembly growth resulted in high-quality KNbO 3 powders. In this study, various temperature conditions from 180 to 230 C were examined for highperformance KNbO 3 ceramics. After sintering at 1030 C using hydrothermally crystal powders under respective conditions, the dielectric loss and permittivity of each ceramic were measured. As a result, the suitable temperature condition of the hydrothermal synthesis for piezoceramics was 210 C. With admittance measurements, the piezoelectric performance of fabricated KNbO 3 ceramics was confirmed. From the resonance frequency response corresponding to the radial vibration and thickness vibration modes, the coupling factors k r and k t and the piezoelectric constants d 31 and d 33 were measured to be 0.14 and 0.26, and À28 and 55 pm/V, respectively.
Introduction
Environmentally friendly piezoelectric materials are required to replace the lead zirconate titanate in piezoelectric devices. To this end, KNbO 3 -based ceramics [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] as well as other compositions have been extensively researched, and their properties have been reported. KNbO 3 -based materials are the most promising lead-free piezoelectric materials because of their superior coupling factors in the single crystal form. 15, 16) A practical fabrication process for lowcost ceramics is strongly required, however; it is difficult to prepare pure, fully sintered KNbO 3 through a conventional solid-phase method owing to a potassium source of potassium carbonate (K 2 CO 3 ). This is because K 2 CO 3 is a hygroscopic material, which results in a severe problem in precise weighing. For small leakage current and high piezoelectric performance, stoichiometric composition, K/Nb ¼ 1, is strictly designed. Furthermore, the introduction of impurities into the KNbO 3 crystal powder during ball milling is also a severe problem of the conventional solidphase method. Thus, until now, there have been few reports on nondoped KNbO 3 ceramics. To overcome the K 2 CO 3 problem, doping techniques have been employed, 11, 12) and these approaches have showed positive results. However, nondoped KNbO 3 ceramics properties are important for a fundamental research study, because KNbO 3 -based materials, such as (K,Na)NbO 3 , depend on the base material KNbO 3 . Hence, in this study, we propose the synthesis of nondoped KNbO 3 piezoelectric ceramics using hydrothermally produced KNbO 3 crystal powders. 17, 18) By using the hydrothermal method, the K 2 CO 3 problem does not occur because potassium hydroxide (KOH) is used as a potassium source material, and the self-assembly synthesis principle of this method is expected to realize stoichiometric fine KNbO 3 powders. [17] [18] [19] [20] [21] Such powders must be suitable for highperformance ceramics. For higher performance, the optimum reaction temperature for hydrothermal powder synthesis was intensively studied.
Experimental Methods
The hydrothermal method enables the production of a perovskite-type oxide in an alkaline solution. In this study, nondoped KNbO 3 crystal powder was synthesized, and the hydrothermally obtained KNbO 3 crystal powder was utilized for KNbO 3 ceramics. The resultant KNbO 3 ceramics were poled, and their piezoelectric performance was assessed as follows.
Experimental conditions of hydrothermal method
To prepare KNbO 3 powders, niobium oxide (Nb 2 O 5 ) and a potassium hydroxide (KOH) solution were placed in an autoclave (PARR 4748) as primary materials. The maximum volume of the autoclave was 50 ml, and the autoclave contained an inner vessel made of Teflon to resist high alkali solutions. The amounts of the primary materials were 1.86 g of Nb 2 O 5 (99.95%) and 35 ml of a 9 N KOH (85%) solution. KOH was not only the potassium source, but also the setting agent for the chemical reaction under alkali conditions. After mixing the primary materials, the autoclave was closed to retain water vapor and was placed in a constant-temperature oven (Yamato DKN-302) for the hydrothermally chemical reaction. KNbO 3 crystal powders were synthesized hydrothermally by changing the reaction temperature from 180 to 230 C in a period of 12 h. The reaction conditions are summarized in Table I . To obtain the KNbO 3 crystal powders, the precipitated powders were filtered with a Teflon membrane filter (OMNIRORE 0.45 mm) after adding pure water. After drying powder at 150 C for 10 min, the weight of the obtained powder was measured. When all Nb ion sources reacted to be KNbO 3 crystal powders, 2.52 g KNbO 3 crystal powders were obtained. By comparing with this value, the yield constant was calculated, as shown in Fig. 1 . To obtain sufficient amounts of powders for ceramic fabrication, a temperature higher than the 180 C reaction temperature is required. the XRD pattern peaks indicate a cubic structure, and the lattice constant is a ¼ 4:039 Å ; in other cases from 190 to 230 C, the XRD pattern peaks indicate an orthorhombic structure, and lattice constants are a ¼ 3:975 Å , b ¼ 5:702, and c ¼ 5:718. In accordance with the commonly accepted theory of the crystal phase of KNbO 3 at room temperature, 22) the crystal phase indicates an orthorhombic structure, whose lattice constants are a ¼ 3:9714, b ¼ 5:6946, and c ¼ 5:7203. Typically, theses ceramics are synthesized by a solid-phase method; this means that they are subjected to high temperature conditions. On the other hand, this hydrothermally powder is synthesized at Curie temperature. It is considered that such a low reaction temperature is related to the cubic structure. The XRD pattern the powder synthesized at a temperature higher than 190 C showed the orthorhombic phase. When the synthesis temperature was lower than 190 C, the cubic phase appeared, whereas when it was higher than 190 C, the orthorhombic phase was observed. Additionally, all powders obtained from 180 to 230 C contained no niobium oxide, potassium hydrate or other undesired impurities.
Experimental conditions of sintering
The resultant KNbO 3 crystal powders were mixed with a binder, and then pellets were formed using an axial pressinghydraulic pressurizer (Masada Seisakusho WH-15P). The binder was composed of ethanol and vinyl alcohol in H 2 O, and the binder content was about 15 wt % of the prepared KNbO 3 crystal powders. The binder/KNbO 3 powder mixture was pressed at 380 MPa at room temperature. The obtained pellet was sintered at 1030 C for 1 h in a tubular furnace (Yamada Denki TSR-430). During sintering, the tubular furnace was filled with oxygen gas. The heating speed was 230 C/h and the cooling speed was 100 C/h. After sintering, the obtained pellet was 6.4 mm in diameter.
A SEM micrograph of the surface of the obtained KNbO 3 ceramics is shown in Fig. 5 . The figure reveals that the KNbO 3 ceramics were well sintered. However, in the cases of 190 and 200 C, abnormal crystal growth was observed.
The relative density (Alfamirage SD-200L) was measured to be from 91 to 95% of the 4.62 g/cm 3 single crystal value. Figures 6 and 7 show XRD patterns of the resultant KNbO 3 ceramics using the crystal powders hydrothermally synthesized at 180 and 210 C, respectively. The figures indicate that the resultant KNbO 3 ceramics have the orthorhombic phase and contained no niobium oxide, potassium hydrate or other undesired impurities. Addition- ally, under the other hydrothermal temperature conditions, the same results were obtained. This indicates that the powders synthesized at 180 C went through a phase change from cubic to orthorhombic during sintering.
Poling treatment
On both pellet surfaces, gold electrodes were evaporated with a vacuum evaporation system (ULVAC SVC-700) after polishing with a sheet of emery paper (#15000). Then, the KNbO 3 ceramic was polarized in the an electric voltage range of 0.25 to 4.5 kV/mm for 60 min, using a high-voltage DC power supply (NF HVA4321) in a silicon oil bath at 125 C. Additionally, the applied voltage was not the same because of the different dielectric loss of each sample. Accordingly, the applied field was determined from the setup current limit of 2 mA.
Electric and Piezoelectric Properties
The electrical properties of the poled KNbO 3 ceramic were measured using an impedance analyzer (Agilent 4294A). Figure 8 shows the transitions of relative permittivity and dielectric loss due to the difference in hydrothermal temperature between powders. From these results, the 210 C hydrothermal temperature is verified to be optimum owing to its small dielectric loss and large relative permittivity.
The resonance-antiresonance frequency characteristics of the poled KNbO 3 ceramic fabricated using the crystal powders hydrothermally synthesis at 210 C were measured in the radial and thickness vibration modes.
The result obtained in the radial vibration mode of the KNbO 3 ceramic is shown in Fig. 9 . By fitting using a Mason-type equivalent circuit, the parallel capacitance C d , series resistance R 1 , and equivalent reactance for L 1 and C 1 were obtained and are shown in Fig. 9 . The electromechanical coupling factor k r and mechanical quality factor Q m were calculated to be 0.14 and 54, respectively. From the density and resonance frequency of the radial vibration mode, Young's modulus Y was calculated using
kg/m 3 , and ¼ 0:3 to be 96 GPa. The piezoelectric constant d 31 was calculated to be À28 pm/V using
where " r ¼ 434. The result obtained in the thickness vibration mode of the KNbO 3 ceramic is shown in Fig. 10 with Mason-type equivalent circuit model fitting. The parameters of the equivalent circuit are also shown in Fig. 10 . The electromechanical coupling factor k t , mechanical quality factor Q m , and piezoelectric constant d 33 were calculated to be 0.26, 6, and 55 pm/V, respectively. Additionally, for the calculation of d 33 , Young's modulus Y was determined to be 86 GPa using 
Discussion
In this study, we proposed the utilization of the advantages of a hydrothermal method to fabricate high-quality KNbO 3 ceramics without K 2 CO 3 . A nondoped KNbO 3 ceramic was fully synthesized using hydrothermally produced crystal powders. XRD patterns indicate that the synthesized powder has a perovskite-type structure. In the case of 180 C synthesis, XRD pattern peaks indicate a cubic structure, and other cases from 190 to 230 C, XRD pattern peaks indicate an orthorhombic structure. However, after sintering of crystal powders at 180 to 230 C, in the ceramics under all conditions, the orthorhombic phase appeared, but variations in dielectric loss and relative permittivity were observed. In particular, when using the crystal powders hydrothermally synthesized at 180 C, the dielectric loss was negative. In this regard, the sintering temperature must be revised because the grains of the crystal powders hydrothermally synthesized at 180 C are smaller than those obtained under the other conditions. When using the crystal powders hydrothermally synthesized at 190 and 200 C, the dielectric loss was slightly negative; it is presumed that this is due to the observed abnormal crystal growth. In addition, the cause of the abnormal crystal growth of KNbO 3 crystal powders is still unclear. The 210 C hydrothermal temperature was verified to be optimum owing to its small dielectric loss and large relative permittivity by comparison with the crystal powders hydrothermally synthesized at 230 C. Therefore, admittance measurements verified the piezoelectric performance of the KNbO 3 ceramic using the crystal powders hydrothermally synthesized at 210 C on the basis of the resonance phenomenon. The resonance frequency corresponded to the radial and the thickness vibration modes. k r and k t were insufficiently low compared with those of the single crystal. This is partly because the poling is not still optimum.
In the next step, the hydrothermally synthesized KNbO 3 ceramic will be improved by decreasing the powder size after sintering through the optimization of the conditions used in the hydrothermal method. 
